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Andrew Smith 
This study proposed to determine the extent to 
which multiple gait trials provide further 
information than that obtained from a single 
trial of walking. Gait data were collected using 
a video camera and force platform system on 10 
subjects including a below knee amputee. The 
data supported several conclusions. If the 
purpose of gait research is to investigate and 
detail the kinematic and kinetic patterns of 
individual subjects. either during a single data 
collection session or across several sessions. 
then recording a single stride of normal gait per 
subject can be justified. However. ifthe purpose 
ofthe research is to produce population norms. 
then multiple strides per subject are necessary 
to obtain estimates of variability. 
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ORIGINAL ARTICLE 
Variability in human 
locomotion: are 
repeat trials necessary? 
For several years, researchers have attempted to quantify and explain 
the variability found in human 
locomotion. These analyses have 
focused on kinematics and kinetics 
(Winter 1984) as well as 
electtomyographic (EMG) patterns of 
the major lower limb muscles (Winter 
and Yack 1987, Yang and Winter 
1983, 1984). In general, kinematics 
tend to be the least variable while 
kinetic and EMG patterns show 
somewhat higher variability (Winter 
1987). Two important aspects of gait 
are prominent in the differences in the 
variability of the kinematics (ie the 
movement outcomes), and the kinetics/ 
EMG (ie the movement causes). The 
desired goal is dictated to a great 
extent by the environment and the 
physical parameters of bipedal gait and 
must be achieved within specific 
margins of error. This is reflected in 
the relatively low kinematic variability. 
The second aspect, the motor patterns 
which cause the movement, have a 
large number of degrees of freedom 
due to the number of muscles which 
cross each lower limb joint. As a result 
of this redundancy, kinetics and EMG 
have greater variability. This variability 
is a reflection of the adaptability 
needed to negotiate an extremely wide 
range of environmental conditions 
encountered during gait. 
The analysis of any human motor 
behaviour involves not only the 
assessment of how one subject 
performs relative to a population 
nOrril, but also the repeatability of the 
subject's performance with respectto 
observations occurring at different 
points in time or across different 
individuals. It could be argued that the 
within- and between-subject variability 
has more clinical relevance than their 
respective average motor patterns in 
any study of a stereotypical activity 
such as human gait. The relevance of 
the present study is in its attempt to 
quantify the extent to which multiple 
trials of walking data, when compared 
with data from a single trial, increase 
the knowledge base. 
Given the inherent variability of gait 
data, it would seem wise to collect 
multiple trials so as to obtain both the 
average and standard deviation of any 
single subject's or group of subjects' 
data. The question to be asked then is: 
are repeat trials an empirical necessity 
in order to accurately represent the 
true gait patterns for any given subject 
or group of subjects? The purpose of 
the present study was to ascertain the 
extent to which multiple trials 
provided further information regarding 
subjects' kinematic and kinetic gait 
patterns. 
Theory 
Support moment of force: In 1980, 
Winter introduced the concept of the 
overall lower limb support mOment of 
force. It was observed that while the 
ankle joint tended to demonstrate 
relatively similar moment of force 
patterns both within and between . 
subjects, the hip and knee moment of 
force patterns could be quite variable. 
However, if the algebraicsurnmation 
of the extensor moments at the three 
lower limb joints was taken, the 
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resulting summation, the so called 
support moment of force, generally 
showed the same pattern being positive 
(or extensor) during stance and either 
slightly negative or zero during swing. 
The equation used by Winter (1980) 
was: 
MSUPP01T= MlVzee - MAnkle - MHip 
where: 
Ms : Support moment of force; 
upport 
M Kn : Knee moment of force; ee 
M Hip: Hip moment of force; and 
M Ank1e: Ankle moment of force 
(lC-quaTIon 1) 
Winter suggested that the support 
moment of force demonstrated the 
possibility that the entire lower limb 
was being controlled by an overall 
pattern of either extension (stance) or 
flexion (swing). This pattern permits 
compensations to occur between the 
lower limb joints (usually the hip and 
knee) which in turn allows the person 
to adapt to changes in gait caused by 
pathologies, the environment and 
other factors. This pattern of lower 
extremity support has also been shown 
to exist in a gait model incorporating 
four lower limb joints, ie hip, knee, 
ankle and metatarsophalangeal joints 
(Smith 1990a). 
Joint power generated/absorbed: 
The area under the power time curve 
represents the work done by the 
muscles crossing the joint (Winter 
1987). Positive areas reflect positive 
work and this is a result of a net muscle 
activity which is concentric in nature. 
The dominant muscles are considered 
to be generating energy. Negative 
areas have the reverse connotation and 
the muscles are said to be acting 
eccentrically and are absorbing energy. 
Zero power indicates the possibility 
that energy is being transferred 
between adjacent segments through 
the muscles crossing the joint 
(Robertson and Winter 1980). 
Coefficient of variation: The 
coefficient of variation used in 
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statistical analyses of ratio scaled 
independent data, ie the standard 
deviation divided by the mean and 
often expressed as a percentage, must 
be adapted for use with time series 
signals. Its application to an average 
time based signal on a moment by 
moment basis would be particularly 
problematic at points in time where 
the mean crosses the zero line. In this 
case, the coefficient of variation would 
be indeterminate. Winter (1987) has 
suggested that the method of 
calculation of the coefficient of 
variation be adjusted for time series 
data as follows: 
~N 
-La' 
cv = N ',I ' x 100 
1 N N~IXli 
where: 
CV:coefficient of variation for use 
with time series data 
N: number of time-normalised 
data points, ie 51 
()2: variance of data at point i 
1 
Xi: mean of data at point i 
(Equation 2) 
The time series coefficient of 
variation, denoted in the present study 
as CV, is thus a variability to signal 
ratio expressed as the root mean square 
standard deviation divided by the 
average absolute value of the signal 
(Winter 1987). 
Method 
Subjects 
The 10 subjects who participated in 
the present study were volunteer 
college students. The subjects were 
screened for any neuromuscular 
dysfunction and were informed of the 
purposes of the study. Informed 
consent was obtained from each 
subject prior to testing. Confidentiality 
was assured by assigning each subject a 
unique four character code. 
One subject, a female, was tested six 
times. The first test occurred 
approximately one year prior to the 
remaining five visits, which were on 
subsequent days of the same week. 
Two trials of data were obtained on 
the first day, six on the next day (ie one 
year later) and four on all subsequent 
days. With the exception of the first 
day, marker locations were drawn on 
the subject's skin using a felt tipped 
pen, to ensure day to day landmark 
placement consistency. There were no 
substantial changes in height, weight 
or natural cadence for this subject 
during the 12 months between the first 
and second data collection days. All 
data were obtained from this subject's 
right side. These trials will be referred 
to as Group 1. Eight subjects, all 
males, each made one visit to the 
laboratory with four trials of data 
recorded. These were obtained from 
both the right and left sides of the 
body (two trials from each side). These 
trials will be referred to as Group 2. 
The final subject was a male, unilateral 
below knee (BK) amputee fitted with a 
commercially available, energy storing 
carbon fibre (ESCF) prosthesis. Recent 
studies of this type of prosthesis have 
shown that its energy releasing/storage 
efficiency is about 68 per cent. (Ehara 
et a11993). This subject made one trip 
to the laboratory and prosthetic limb 
gait data were obtained from two trials 
of walking. These trials will be referred 
to as Group 3. 
Protocol 
Specific details of the methodology 
employed have appeared elsewhere in 
the literature (Smith 1990b). In 
summary, subjects were asked to walk 
as normally as possible along a raised 
(30cm) walkway approximately 20m in 
length. Kinematic and kinetic gait data 
were collected using a video camera 
and recorder, and a Kistler 
piezoelectric force platform, 
respectively. Data from the force 
platform were sampled by a 
microcomputer at a rate of 200Hz. 
The video camera was placed on a 
fixed tripod and was positioned at a 
right angle to the walkway 
approximately 6m from the centre of 
the force platform. The 25Hz 
sampling rate of video has been shown 
to be sufficiently fast for both normal 
and pathological gait analyses (Winter 
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1982). A device w;lscoustructecl to 
assist in synchronising in time the 
force platform data collected by th~ 
microcomputer and the kinematic data 
from the camera. This device consisted 
of five rows of 10 light emitting diodes, 
placed in the camera's field of view, 
which allowed the experimenter to 
determine which of the force platform 
data corresponded with any given 
video image. 
For each subject, low inertia light 
reflecting markers were placed on the 
skin over eight specific anatomical 
landmarks, defining a four segment 
model: (1) head, arms and trunk 
(HAT), (2) thigh, (3) shank and (4) 
foot. This particular model is a very 
common one for gait analysis (Smith 
1990b, Winter 1987). 
Data analysis 
Kinematic and kinetic data analysis: 
A video digitising system similar to 
that reported by Abraham (1987) was 
used to extract marker coordinate data 
from the videotaped trials. One of the 
advantages of this system is that it uses 
the same camera during the digitising 
process as that used for the data 
collection which minimised the effects 
of camera lens distortion. As well, this 
system eliminated the parallax effects 
which can occur with rear projection 
type digitising systems. The X,Y 
coordinates of each marker in each 
frame were recorded by the computer. 
The filtered input coordinate data 
(4th order, Butterworth type critically 
damped low pass filter) were used to 
determine segmental and total body 
kinematics, joint moments of force and 
powers for the ankle, knee and hip 
(Bresler and Frankel 1950) and the 
overall support moment of force as 
described by Winter (1980). Output 
data were time-normalised to 100 per 
cent of stride using a linear 
interpolation method and written to 
computer disk files. 
CV data analysis: Repeat trials of 
data were ensemble averaged, which 
involves calculating the average and 
standard deviation of two or more 
time-normalised curves at each 2 per 
cent of stride. All ensemble averaged 
.. 
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kinetic data were also amplitude 
normalised by dividing by each 
subject's body mass (Winter 1984) 
prior to averaging. The variability of 
the averaged data was also calculated 
and expressed in the form of a CV as 
outlined above (Winter 1987). 
The data were ensemble averaged in 
the following ways: 
1. Individual trial data from Groups 
1, 2 and 3 were ensemble averaged 
to obtain intra-day, intra-subject 
(normal) and intra-subject 
(amputee) means and variability 
.estimates respectively. 
2. Mean intra-day data (Group 1) or 
intra-subject (normal) data (Group 
2) were ensemble averaged to 
obtain either inter-day or inter-
subject (normal) means and 
variability estimates respectively, 
thereby removing the confounding 
intra-day/subject variability from 
these particular ensemble averages. 
Results 
A total of 10 ensemble averaged 
variables were analysed: hip, knee and 
ankle joint angular displacements, 
moments of force and powers 
generated/absorbed along with overall 
support moments as described by 
Winter (I 980). 
The ensemble averaged data for 
Group 1 (solid line), Group 2 (dashed 
line) and Group 3 (dashed dotted line) 
are presented in Figures 1-3. A fourth 
line (dotted) in each figure shows 
inter-subject (n:;::19) data taken from 
Wmter (1987) fon:omparison 
purposes. Each figure shows the 
ensemble average of each experiment 
plotted against per cent of stride. The 
CV of each curve is also listed in the 
legend. 
Joint kinematics 
As can be seen in Figure 1, the joint 
kinematics of the hip (a), knee (b) and 
ankle (c) from the three groupings 
appear to be quite similar in pattern to 
each other and to the data presented by 
Wmter (1987). The following 
discussion outlines the specific details 
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associated with each Group's data. 
Group 1: In Figure 1 a, the hip shows a 
typical walking pattern of extension 
from heel contact to about 50 per cent 
of stride. This is followed by a flexion 
phase ending around 90 per cent of 
stride. The final 10 per cent of stride 
shows the hip extending in preparation 
of the next heel contact. In all, the hip 
travels through a range of 
approximately 40 degrees. 
The knee (Figure 1 b) has the least 
variable pattern, demonstrating its 
characteristic two cycles of alternating 
flexion and extension phases. Initially, 
the knee flexes to absorb the shock of 
heel contact during weight acceptance 
(0-10 per cent of stride) and extends 
throughout mid stance (10-40 per cent 
of stride). This is followed by a much 
larger flexion extension pattern during 
push off (40-60 per cent of stride) and 
swing phase (60-100 per cent of stride) . 
The range through which the knee 
moves is about 67 degrees. 
The ankle (Figure lc) shows 
dorsiflexion through the first 20-25 per 
cent of stride followed by first, slight 
plantarflexion (25-45 per cent of stride) 
and second, rapid plantarflexion during 
push off. Swing phase shows 
dorsiflexion in early swing followed by 
slight plantarflexion later in swing. 
This joint has the highest within 
subject CV value of the three lower 
limb joints, ie 56 per cent compared 
with 11 per cent and 13 per cent for 
the hip and knee respectively. The 
ankle joint moves through a range of 
approximately 27 degrees. 
Group 2: These data closely resemble 
that from Group 1 with CV values of 
15, 14 and 64 per cent for the hip, knee 
and ankle joints respectively. The 
ranges of rnotion for the three joints 
are 36 degrees (hip), 60 degrees (knee) 
and 27 degrees (ankle). 
Group 3: One difference in these data 
is in the range of the knee angular 
displacement (Figure 1 b), which is 
approximately 4 7 degrees. At the ankle 
joint (which is nota true joint due to 
the construction of the ESCF 
prosthesis), the angular displacement 
pattern is considerably different frorn 
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the other curves (Figure lc), with 
excessive plantarflexion early in stance 
(0-30 per cent of stride) and a reduced 
amount of plantarflexion during push 
off (50-60 per cent of stride). The CV 
values for the hip, knee and ankle are 
14, 11 and 36 per cent respectively. 
Joint moments of force 
Group 1: The moment of force data 
for the overall lower limb support (a), 
hip (b), knee (c) and ankle (d) are 
shown in Figure 2 with their respective 
CV values of 32 per cent, 62 per cent, 
62 per cent and 36 per cent. 
Throughout most of stance, both the 
hip and ankle joints exhibit 
predominantly extensor moments, 
while the knee is extensor during 
weight acceptance but largely flexor 
until just prior to toe off (55 per cent 
of stride). As a result, the support 
moment (see Equation 1) is positive 
throughout stance and virtually zero 
during swing. 
Of particular note in these data is the 
fact that during the period of single 
support (about 15-45 per cent of 
stride), the knee demonstrates a flexor 
moment which would appear to be 
potentially dangerous as the potential 
to collapse at the knee is significant. 
However, both the ankle and hip joints 
are producing substantial extensor 
moments which tend to compensate 
for the flexor activity at the knee. 
Group 2: As with the joint kinematics 
(Figure 1), the Group 2 moments of 
force data are similar to the Group 1 
data. The major difference is that the 
variability is greater in the case of 
Figure 2 (39 per cent, 57 per cent, 78 
per cent and 46 per cent for the 
support moment of force and the hip, 
knee and ankle joints respectively) . 
except at the hip joint, where it is 
slightly lower. 
. Group 3: The ranges of magnitudes 
1ll these data are generally smaller, 
with the exception of the hip (Figure 
2b) where, during earlystance,a 
relatively large extensor moment is 
seen. TheCV values for the support, 
hip, knee and ankle moments are 20 
per cent, 30 per cent, 70 per cent and 
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37 per cent, respectively. 
Joint powers 
Group 1: The ensemble averaged joint 
power generated and! or absorbed data 
for the hip, knee and ankle joints are 
presented in Figure 3. These data are 
typically the most variable as indicated 
by the respective CV values of 80 per 
cent, 110 per cent and 129 per cent. 
The hip joint power curve reveals 
that the predominant power pattern 
was positive, indicating that the hip 
muscles were acting concentrically and 
generating energy. By considering the 
data in Figure la, it can be seen that 
during the hip extension phase (0-50 
per cent of stride) the hip extensors 
were the dominant muscle group, 
while during the next 40 per cent of 
stride, the hip flexors dominated, with 
the hip extensors becoming active 
during the final 20 per cent of stride. 
The data in Figures 1 and 3 reveal 
that during the two main power bursts 
in stance (15-37 per cent and 37-58 per 
cent of stride), the knee first extended 
then flexed with the extension being 
eccentrically controlled by the knee 
flexors. The larger knee flexion occurs 
while the flexor muscles·are acting 
concentrically as indicated by the 
positive power burst (35-57 per cent of 
stride). The final knee power burst, a 
negative one occurring at about 75 per 
cent of stride, indicates the knee 
flexors are active eccentrically to slow 
the shank down at the end of swing. 
Finally, at the ankle (Figure 3), there 
are two power phases, the first of 
which occurs while the body is moving 
over the stationary foot during stance. 
This phase is negative, indicating that 
the plantarflexors are acting 
eccentrically to control the body's 
movement. The second phase, a 
relatively large positive burst, is the 
result of the same muscle group 
concentrically contracting during the 
rapid plantarflexion seen in Figure 1. It 
is noteworthy that the plantarflexion 
normally starting near 40 per cent of 
stride actually begins around 25 per 
cent of stride for Group 1, which is 
also evident in the power curve which 
crosses the zero line at about 25 per 
cent ofstride. 
Group 2: There are two differences 
found in these data. The data are less 
variable at the hip, knee and ankle 
joints (73 per cent, 98 per cent and 100 
per cent respectively); and ankle 
plantarflexion begins much later (see 
Figure 1) and this is reflected in the 
start of the larger, positive power burst 
in Figure 3 which occurs at 40 per cent 
of stride. 
Group 3: At heel contact, the hip 
(Figure 3a) is generating considerably 
more energy than in the other 
groupings and the ESCF prosthesis 
does not generate as much energy 
during push off at the ankle joint 
(Figure 3c, 45-60 per cent of stride). 
The CV values for the hip, knee and 
ankle joints are 107 per cent, 66 per 
cent and 108 per cent, respectively. 
Coefficients of variation 
Table 1 contains the CV data from 
Groups 1,2 and 3 along with 
corresponding data from Winter 
(1987). The data are divided into each 
trial grouping and the means are 
shown where applicable. As well, the 
number of strides used in each 
ensemble average are indicated. 
Discussion 
Joint kinematics 
The data in Figure 1 reveal that there 
does not appear to be many substantial 
differences between the ensemble 
averaged kinematic data from any of 
the groups of the present study and 
Winter's 1987 data. This is particularly 
true for the hip and knee joints, while 
being less so for the ankle joint. The 
somewhat greater variability seen at 
the ankle was probably due to the 
inherent sensitivity of the ankle 
kinematics to (a) the position of the 
markers from one subject to the next; 
(b) out of plane movement of the foot 
caused by the relative amounts of 
toeing out by the different subjects; 
and (c) in the case of Group 3, the lack 
of a true hinge type ankle joint. 
Because of efforts in Group 1 to 
replicate marker placement, and 
because the data came from a single 
subject exhibiting relatively consistent 
... 
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gait, the first two possible causes of 
ankle joint variability in Group 2 were 
somewhat minimised in Group 1 and 
this is evident in a difference in 
variability of 8 per cent between the 
two groups. 
Joi nt ki netics 
As with the kinematics, the kinetics 
data from the trial groupings are quite 
similar, with the inter-subject data 
from Group 2 generally showing more 
variability than the intra-subject data 
of Groups 1 and 3. Of particular note 
is the knee moment of force data 
(Figure 2c) where all ensemble 
averages show a predominantly flexor 
moment pattern during part of the 
single support phase of stance 
(approximately 10-50 per cent of 
stride). In isolation, this would be a 
potentially dangerous situation. 
However, as the support moments 
indicate, a net extensor moment of 
force pattern is maintained throughout 
stance in the subjects' lower limbs. 
This overall extensor pattern is a result 
of extensor moments at both the hip 
and ankle joints during single support. 
With respect to the joint powers, 
there are differences between similar 
data published by Wmter (1987) and 
the present study, particularly at the 
hip and knee. However, if Winter's 
1987 data is examined closely, it is 
clear that joint powers, especially at the 
hip, are often quite variable. The data 
he presents show "differences between 
individuals [which] are typical and are 
the reason why the inter-subject 
profiles of power are so variable" 
(Winter 1987, p. 39). 
Coefficients of variation 
The difficulty in comparing time 
varying signals, such as gait kinematics 
and kinetics, lies in the dearth of 
qUillltitativeor statistical methods 
specifically designed for these typ.es of 
data. Often, too much information is 
lost in reducing illlentire curve to a 
single value such as its mean. Similarly, 
comparing curves on the basis of local 
maxima or minima both ignores the 
temporal aspects of when these points 
occurred as well as placing less or no 
ORIGINAL ARTICLE 
value on other parts of the curve 
simply because some other portion has 
a larger (or smaller) magnitude. 
In the case of ensemble averaged 
data, the CV provides a single measure 
of the variability to signal ratio in an 
ensemble average expressed as a 
percentage of the mean amplitude of 
the signal (Wmter 1987). Thus, while 
it does suffer the shortcoming of being 
a single value representing a curve, it 
tends to be more informative since it 
attempts to relate variability to the 
mean of the curve. The CV provides a 
basis of comparison which is simple to 
calculate and easy to compare both 
inter- and intra-subject, provided that 
the variables have similar ranges of 
values (Smith 1990b). Since the CV is 
a measure of the variability to signal 
ratio of these data, it is reasonable to 
consider that the CV s obtained from 
ensemble averaging represent the best 
estimates of the true variability to 
signal ratio in the selected gait 
variables for any given subject or group 
of subjects. 
The data in Table 1 reveal some 
interesting findings. In most cases, the 
Groups 1 and 3 CV values are lower 
than those of Group 2. Since the 
amplitudes of the corresponding 
variables are roughly similar in both 
experiments, this corroborates the idea 
that while an individual subject is likely 
to be reasonably invariable over time, 
individuals within a group are more 
likely to be different from each other. 
The finding is consistent with those 
presented by Winter (1987). Second, 
the mean CV data in Table 1 revealed 
that simply averaging intra-subject CV 
values in order to obtain an inter-
subject estimate of variability generally 
underestimates the actual variability in 
the data. The error in simply averaging 
Group 1 or Group 2 CV values ranged 
from an overestimation of the actual 
variability of 49 per cent to an 
underestimation of 42 per cent. In the 
case of Group 1, the meilllerror was 
15.3 per cent (SD 22.4 per cent) across 
the 10 variables, while for Group 2 the 
mean error Was 1.9 per cent (SD 23.5 
per cent). 
Comparing the results of either 
experiment to that of Winter (1987) 
reveal that the general patterns for 
each variable were similar although 
Wmter's CV values were generally 
lower for intra-subject data and 
somewhat higher for inter-subject data. 
With respect to the kinetic variables, in 
most cases in Groups 1 and 3, the CV 
values of the present study were higher 
than Wmter's (1987) while the 
opposite was true for Group 2. The 
joint angular CV values demonstrated 
a similar trend. 
Conclusions 
The results indicated that, in the case 
of most of the variables studied, an 
ensemble average from these 10 
subjects is quite similar to an ensemble 
average from a single subject except 
that, in the former case, the ensemble 
average tends to have more associated 
variability. If it is agreed that a CV 
value of 40 per cent or more is "too 
variable", as suggested by Wmter 
(personal communication 1990), the 
data from the present study 
demonstrate a similar number of 
variables above this threshold, some of 
which are less variable than are those 
reported by Wmter (1987) while 
others are somewhat more variable. 
Thus it seems that the subjects in the 
present study did exhibit typical gait 
patterns with more or less magnitudes 
of variability similar to that found in 
other studies comprising a large 
subject pool. 
From the data of the present study 
the following is clear: if the 
investigator is interested in recording 
representative gait patterns of 
individual subjects, then analysing a 
single stride of walking could be 
sufficient for that purpose, even in the 
case of a pathological condition such as 
unilateral BK amputee gait. This 
would seem to be true even if that 
same subject might be further tested 
on subsequent days, provided that the 
conditions under which the original 
analysis was done are replicated as 
closely as possible. Subjects who 
demonstrated the least amount of 
correlation with the other subjects in 
Group 2 (egCN15 and CN18 in 
Table 1), were consistent within 
themselves, at least on that day. 
It is only when subjects' data are 
pooled that obtaining more than a 
single trial for each subject becomes 
crucial. Because each subject is likely to 
be consistent, and possibly consistently 
different from the other subjects, it is 
necessary to be able to compare the 
intra-subject variability to the inter-
subject variability in order to assess 
how representative of the population 
both the individual subjects, and the 
entire sample, actually are. In this case, 
the purpose of the research is probably 
to determine population norms with 
regard to gait and, as such, multiple 
trials would be a necessary protocol to 
achieve this goal. What is clearly 
indicated is that merely averaging the 
intra-subject variability values to 
obtain inter-subject variability 
estimates is not appropriate. 
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